We report here the complete nucleotide sequence of pEntH10407 (65 147 bp), an enterotoxigenic Escherichia coli enterotoxin plasmid (Ent plasmid), which is self-transmissible at low frequency. Within the plasmid, we identified 100 open reading frames (ORFs) which could encode polypeptides. These ORFs included regions encoding heat-labile (LT) and heat-stable (STIa) enterotoxins, regions encoding tools for plasmid replication and an incomplete tra (conjugation) region. The LT and STIa region was located 13.5 kb apart and was surrounded by three IS1s and an IS600 in opposite reading orientations, indicating that the enterotoxin genes may have been horizontally transferred into the plasmid. We identified a single RepFIIA replication region (2.0 kb) including RepA proteins similar to RepA1, RepA2, RepA3 and RepA4. The incomplete tra region was made up of 17 tra genes, which were nearly identical to the corresponding genes of R100, and showed evidence of multiple insertions of ISEc8 and ISEc8-like elements. These data suggest that pEntH10407 has the mosaic nature characteristic of bacterial virulence plasmids, which contains information about its evolution. Although the tra genes might originally have rendered pEntH10407 self-transferable to the same degree as R100, multiple insertion events have occurred in the tra region of pEntH10407 to make it less mobile. Another self-transmissible plasmid might help pEntH10407 to transfer efficiently into H10407 strain. In this paper, we suggest another possibility: that the enterotoxigenic H10407 strain might be formed by auto-transfer of pEntH10407 at a low rate using the incomplete tra region.
However, the full sequences of such plasmids have not been reported, with the exception of a pCFA in ETEC O6:H16. 13 Among these plasmids, some families such as pLT, 6 pST 7,14 and pCFA 13, 15 have been reported to be auto-transmissible and may be evolving rapidly. Moreover, it has been reported that pLT-ST may also be self-transmissible in some serotypes of ETEC such as O78:H12, but non-self-transmissible in others such as in O78:H11. 6 Therefore, it has not yet been determined whether pLT-ST has the genes required for transfer to other strains, or what other factors may render pLT-ST non-self-transmissible.
Escherichia coli H10407 (serotype O78:H11), the best characterized of the ETEC strains, was isolated from a patient with diarrhoea in Bangladesh in 1971. 1, 8 It has been reported previously that the original E. coli H10407 strain carries five kinds of plasmid: pCFA/I-STIb [molecular mass (MM) 62 Â 10 6 Da)] specifying CFA/I and STIb production, pEntH10407 (MM 42 Â 10 6 Da) specifying LT and STIa production, pTRANS (MM 42 Â 10 6 Da) specifying self-transmission and two other plasmids (MM 3.7 Â 10 6 and 3.8 Â 10
6 Da) manifesting no detectable phenotype. 1, 6, 7, 11, 12 It has further been reported that pTRANS promotes transfer of pCFA/I-STIb or pEntH10407 to other bacterial strains, suggesting that pCFA/I-STIb and pEntH10407 may be non-selftransmissible. 12 Although the H10407 strain has been characterized in detail, there has been no report of the full sequence of the plasmids which it carries. In order to analyse the molecular evolution of pEntH10407 and to identify the factors conferring auto-transmissibility, we determined its full nucleotide sequence.
The ETEC H10407 strain maintained in our laboratory was used in these experiments. The sequenced plasmid, which will be referred to as pEntH10407K, was derived from the native plasmid pEntH10407 by an in vitro transposition system using hyperactive Tn5 16 (1938 bp) to provide the selectable marker of kanamycin resistance.
The fully assembled sequence of pEntH10407K (GenBank accession no. AP010910), including the kanamycin cassette, consisted of 67 094 bp, 65 147 bp of which was specific to the pEntH10407 of ETEC H10407. The average G þ C content of pEntH10407 is 51.2%. The sequence assembly of pEntH10407K was confirmed by comparing the restriction-enzyme-digestion patterns predicted from the sequence with those obtained by digestion of the plasmid, using several different restriction enzymes (data not shown). We also designed a set of PCR primer pairs to amplify segments overlapped with adjacent segments at both ends, covering the entire region of pEntH10407K. All pairs of primers yielded PCR products whose sizes matched the expected sizes (data not shown). These results show that no region was inserted or omitted in our sequence assembly of pEntH10407K.
The map shown in Fig. 1 depicts pEntH10407K , a circular plasmid which consists of 67 094 bp containing 100 open reading frames (ORFs) ( Table 1) and three regulatory RNA genes: sok, copA and finP. Putative functions could be assigned to 72 ORFs (72.0%); 24 ORFs were similar to conserved hypothetical proteins; the remaining 4 ORFs had no regions of significant similarity with proteins in the current database.
A total of 20 pEntH10407K ORFs (21.1%) have already been reported. These genes encode the major virulence factors accounting for LT and STIa (STp) 7, 17 and Tra proteins in the plasmid. The toxin region, containing the LT and STIa genes (elt and estIa), was 13 501 bp in length. This region carries three virulence-associated genes (eltAB and estIa). eltAB is 37.6% G þ C and estIa is 30.1% G þ C. In addition, this region is shown to contain three IS1s (IS1A, B and C), IS600 (Table 1) and an ISEc8-like element (Table 1) . IS1A, IS1B and IS600 are on the same side of the toxin region and IS1C is on the other side (Table 1) . The ISEc8-like element is located between eltAB and estIa. The outer end (OE) terminal inverted repeats (IR) of IS1A, IS1B and IS600 begin 4014, 1910 and 696 bp downstream of eltB, respectively, and the OE terminal IR of IS1C ends 446 bp upstream of estIa. Although IS1A, IS1B and IS600 have complete direct repeats (DR) on both sides, IS1C has DR sequences only on one side. Moreover, in this region, there were seven transposase genes between eltA and estIa, and two transposase genes were found upstream of estIa. These observations suggest that the toxin region has evolved through multiple transposition events and may have been transferred horizontally into pEntH10407 with IS1s, as predicted previously. 18, 19 The organization of the toxin region in pEntH10407K is suggestive of a pathogenicity islet, 20 an island of small pieces of DNA (1 -10 kb).
Proteins involved in plasmid replication and DNA maintenance (Table 1) are encoded by 16 ORFs (16.8% of pEntH10407K), constituting a putative replication region characteristic of IncFIIA plasmids. RepA4 (ORF065, ORF066), RepA1 (ORF068), TapA (ORF069), RepA3 (ORF070) and RepA2 (ORF071) of pEntH10407K exhibit 53.8 -100.0% amino acid sequence identity with the corresponding proteins from plasmid R100. 21 -23 As for other IncFII replicons, a 9 bp DnaA box (TTATCCACA) and a putative origin of replication (oriR) were detected downstream of repA1 on pEntH10407K. The putative CopA antisense RNA of pEntH10407K exhibits 89.9% DNA sequence identity with the corresponding sequence of plasmid R100, which suggests that the copy number of pEntH10407 might be similar to that of R100 (NR1), i.e. one or two copies per chromosome.
Plasmid segregation systems are essential for inheritance of low-copy number plasmids in daughter cells. Sequence analysis revealed the presence of three segregation systems on pEntH10407K. The first system, designated hok/sok (bp 3062 -3330), is similar to the hok/sok system of plasmid R100, 24 ,25 the second system, designated stb (bp 15 284 -16 599), is similar to the stbAB ( parMRC) system of R100, 26, 27 and the third system, designated stbDE (bp 39 434 -39 969), is similar to the stbDE system of pSS, a large virulence plasmid found in Shigella sonnei. 28 The hok/sok system of R100 consists of two hok and mok genes, organized in an operon, and a locus denoted sok. Orf008 and Orf009 of pEntH10407K exhibit 70.6 and 50.0% amino acid sequence identity to Hok and Mok, respectively, of R100, and the region located upstream of hok on pEntH10407K exhibits 82.0% DNA sequence identity to the region (sok) upstream of the hok of R100. With regard to the second segregation system, StbA and StbB of pEntH10407K exhibit 99.1 and 99.1% amino acid sequence identity with StbA (ParM) and StbB (ParR), respectively, of R100, and a cis-acting site ( parC) (90.4% DNA sequence identity with the corresponding sequence in R100) is present upstream of stbA on pEntH10407K. These similarities suggest that the hok/sok and stbAB systems of pEntH10407K are functional. In regard to the third segregation system, StbD and StbE of pEntH10407K exhibit 98.8 and 93.7% amino acid sequence identity with StbD and StbE, respectively, of pSS. StbDE is a novel segregational stability system that was identified on plasmid R485, which originates from Morganella morganii. Experimental data have shown that the StbE protein may be toxic to its host and that StbD is likely to be an antitoxin protein. 29 This region shows high Figure 1 . Map of pH10407K. The sequence of pEntH10407K was determined by a whole-genome shotgun strategy. Sequence reads were assembled and gaps were closed by direct sequencing of PCR products amplified with oligonucleotide primers designed to anneal to each end of neighbouring contigs. The sequence was annotated using GenomeGambler (Xanagen Inc., Kanagawa, Japan). ORFs encoding products that were at least 50 amino acids in length were identified first; then possible ORFs were selected by combinations of database matches and by the presence of a ribosome binding site. Inner circle: ORFs, with their orientations colourcoded by functional category: red, known or putative virulence-associated proteins; pink, conjugal DNA transfer; orange, IS-related or transposase fragments; purple, intact IS or transposase; blue, plasmid replication, maintenance or other DNA metabolic functions; green, conserved hypothetical proteins; yellow, putative proteins. The outer circle shows the scale in base pairs. Nomenclature of ORFs is given in Table 1 . The figure was generated using the program 'in silico MolecularCloning GE' (In Silico Biology, Inc., Kanagawa, Japan). AB024946 ). Homologues of the stbDE genes were also identified on the enterohaemorrhagic E. coli plasmid pO86A1 ( pO86A1_p141 and p140 in accession no. AB255435) and on the chromosomes of some pathogenic bacteria. Orf011 and Orf012 were found to be very similar to PsiA (97.1% amino acid sequence identity) and PsiB (99.3% amino acid sequence identity), respectively, on R100. They function as inhibitors of SOS induction in bacteria, including E. coli. Orf016 shows high identity (93.7%) at the amino acid sequence level with a single-strand DNA binding protein (SSB) of R100.
The complete tra region responsible for conjugal transfer is composed of 40 and 37 ORFs in the R100 and F plasmids, 30 -32 respectively. However, only 17 genes showing similarity to the tra genes of other bacteria were found in pEntH10407K. This incomplete tra region consisted of traM, traJ, traY, traA, traL, traE, traK, traB, traP, trbD, trbG, traV, traR, traD, traI, traX and finO. It contained multiple insertions of ISEc8 and ISEc8-like elements ( Fig. 2A) , and comprised about 50% of the complete tra operon seen in R100. 32, 33 The ORFs (ORF080 and ORF087) on both sides of the multiple insertions were highly homologous to YhfA and YfhA in R100, but no similar ORF was found in the F plasmid ( Fig. 2A, B) . Moreover, oriT, a 463-nucleotide segment located immediately upstream of traM 31, 32 in R100, was highly conserved in pEntH10407, having perfect identity to the nicking-site region of R100 (Fig. 2C) .
In nearly all locations where the R100 and F plasmid tra genes differ, the pEntH10407K homologues more closely resembled R100. The trbG of pEntH10407K, however, had unique sequence similarity to the corresponding ORF of the F plasmid but not to that of the R100 (Fig. 2B) . The other Tra proteins encoded in pEntH10407K were more similar (Fig. 2B) . Moreover, the 5 0 end of ORF080 and the 3 0 end of ORF087 were identical at the Figure 2 . Relationship of complete transfer operons of R100 and F plasmid to the incomplete operon of pEntH10407K. (A) The incomplete tra region in pEntH10407K is compared with the transfer operons of R100 and F plasmids. ORFs are orientated according to pEntH10407K. Diagonally hatched arrows indicate genes of the transfer system. tra genes are in uppercase; trb genes are in lower case. ORFs are not to scale. Although transcription proceeds from right to left in R100 and F plasmids, pEntH10407K only contains the portion of the tra region from traM to traR, which are similar to the analogous ORFs in the F plasmid, and another portion from traD to traX, which is similar to the corresponding region from traD to traX of R100. Between the two tra regions, both transposase and putative transposase genes (from ORF080 to ORF087) were recognized. (B) Per cent sequence similarity for each ORF in pEntH10407K to analogous sequences from the R100 and amino acid level to YhfA and YfhA, which are found in R100 and not in F, suggesting that the backbone of pEntH10407 might be close to that of R100, and that the multiple insertion events into the R100-homologous region might affect the capabilities conferred by this region, such as self-transmissibility. We compared the self-transmissibility of pEntH10407K with that of R100 using a derivative of the E. coli K-12 strain. R100 was transferred at a frequency of 2.44 Â 10 26 transconjugants per donor (Table 2) . In contrast, self-transfer of pEntH10407K occurred at a very low frequency of 2.84 Â 10 29 transconjugants per donor ( Table 2 ). This value is as low as the transfer frequency reported in the conjugal plasmid R68 of Pseudomonas aeruginosa. 34 Parallel experiments using K-12 donor bacteria carrying pUC19 or pBluescript II SK(þ) showed that these plasmids are non-self-transmissible (,10 211 transconjugants per donor for each plasmid) ( Table 2 ). These data suggest that pEntH10407 has a low self-transmissibility. Yamamoto and Yokota 12 reported that pEntH10407 did not have self-transmissibility and that pTRANS induced co-transfer of pEntH10407 and pCFA/I-STIb into the H10407 strain (O78:H11 strain). Non-piliated cells do not transfer DNA, showing that the pilus is absolutely required for conjugal DNA transfer, while mutations in the traN or traG genes drastically reduce transfer efficiency by several orders of magnitude but do not completely abolish it. 32, 35 TraN and TraG are thought to stabilize mating pairs through an as yet unknown mechanism. 32, 35 The genes that code for TraN and TraG are deleted in the incomplete tra region of pEntH10407K. As it has been reported that the products of the incomplete tra region take part in the synthesis and assembly of the sex pilus, 32,33 the remaining tra genes in pEntH10407 appear to form a sex pilus which is involved in the transfer of pEntH10407. The formation of an unstable mating pair due to the deficiency of TraN and TraG might be an important cause of the low transfer efficiency in pEntH10407.
About 20 genes encoded within the tra operon in R100 are thought to be necessary for conjugation to occur, since mutations in these genes abrogate a plasmid transfer. Among these genes, it is known that traA gene encodes pilus subunit, pilin, which is an essential factor for plasmid self-transmissibility in F plasmid and R100. Then, we constructed a mutant plasmid ( pEntH10407KDtraA) lacking traA of pEntH10407K by a homologous recombination method and examined the self-transmissibility of the pEntH10407KDtraA. In the mating assay, the pEntH10407KDtraA did not exhibit self-transmissibility (,10 211 transconjutants per donor) ( Table 2 ). The results suggest that the traA gene is required for the self-transmissibility of pEntH10407K.
Moreover, McConnell et al. 6 reported that an Ent plasmid ( pEntO78:H12) from the O78:H12 strain in Bangladesh might contain both enterotoxin genes and be auto-transmissible, but that pEntH10407 (from the O78:H11 strain) might not be auto-transmissible. However, these ETEC strains were isolated also in Bangladesh and in the same period in the 1970s. In addition, the difference of the MM of pEntO78:H12 and pEntH10407 is similar to the MM of the region from traC to traT in R100. These suggest that the pLT-ST may originally have a complete set of tra genes matching those of the R100 or F plasmid, and that pEntH10407 might have been formed by multiple insertions into the tra genes to produce the sequence determined in this paper.
The dot matrix analysis was performed to elucidate sequence similarity between pEntH10407K and R100. This analysis indicated that the pEntH10407K shared the nucleotide sequence similarities in regions involved in plasmid replication/maintenance, and plasmid transfer (tra region) (Fig. 3) . The interruption of the similarity within the incomplete tra R100 tra region of pEntH10407K corresponded to the swapping of tra genes with ISEc8 and ISEc8-like elements. There was no sequence similarity in the toxin region except for IS1 sequences, which clearly indicates the presence of numerous unique ORFs including eltAB and estIa in the toxin region. In summary, we report the complete 67 094 bp sequence of pEntH10407K, an Ent plasmid from ETEC H10407. pEntH10407K contains three distinct major regions: (i) a pathogenicity islet containing enterotoxin genes, (ii) a region involved in plasmid replication and maintenance, and (iii) a region including tra genes that cause the self-transmissibility. Our analysis of the pEntH10407 sequence emphasizes its mosaic nature and has implications for its evolution. Self-transmissibility mediated by the incomplete tra region is retained in pEntH10407, despite the deletion of many tra genes. This finding raises the possibility that the enterotoxigenic H10407 strain might have developed due to the helper plasmid assisting in the transfer of the pEntH10407. However, our finding raises another possibility that the H10407 strain might have been born by selftransfer that occurred totally through the self-transmissibility of pEntH10 407. A comprehensive comparative analysis to clarify the evolution and diversity of Ent plasmids is currently in progress in our laboratory. 
